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DISTRIBUTION OF SURFACE FRICTION EN HURRICANES

Lester F. Hubert
U. S. Weather Bureau, Washington, D. C.

[Manuscript received February 26, 1958; revised October 2, 1958]

ABSTRACT

Terms of the horizontal equations of motion are evalu-
ated from surface analysis of three hurricane and three non-
hurricane cases in order to investigate the components. of
friction (tangential to and normal to the anemometer wind
direction) in the botmdary layer. A method of moisture flux
analysis is developed to study the variation of height of
the inflow layer which in turn yields a clue concerning the
variation of stress profile in time and space,

. While the magnitude of friction increases toward the
hurricane center it is clear that it is not a simple func-
. tion of wind speed or surface roughness. It is also shown
that, (1) the component of friction normal to the surface
wind direction is almost always significant, (2) saccelera-
tions are quite small and are not correlated with the down-
stream pressure force, (3)’accglerat10ns and angle of _
cross-1sobar flow are correlated, and (4) total friction is

not correlated with angle of cross-isobar flow.

It is suggested that a compensating mechanism -charac-
terizes the boundary layer which chenges the angle of
cross-isobar flow (thus changing the downstream pressure
force) to compensate a tendency toward acceleration
brought about by changes of momentum flux from upper lay-
ers as well as changes of surface stress. This compensa-
tion in turn provides a variable component of friction
normal to the surface wind which is almost &lways signifi-
cant.

1. INTRODUCTION

The loss of momentum of the atmosphere through the mechanism of stress
at the earth's surface is the most important sink of kinetic energy in hurri-
canes and for that reason investigation of the energy budget will be restrict-
ed until quantitative data are obtained either by direct measurement or are
deduced from other parameters.

Investigation both in wind tunnels and on the meteorological scale has
shown that surface stress (7;) i8 given by an equation of the form,




‘cient of friction C= c2

To=pPcy V (1)

where V is the total wind speed, p density of the air, and cd a drag coeffi-
cient essentially constent for a given surface roughness (sometimes & coeffi-
4 1s used, e. g., in [3]). Thus while it is true that

stress is a function of surface parameters, the effect of stress on the bound-
ary layer of air is not so determined. In fact the drag on the air is large-
ly unknown because the accelerastion is proportional to the shear of stress
(mostly grith altitude) instead of to the stress itself, as is shown by the
following equations of horizontal motion::

.Q_;lap+l B’Z't , (2
dt P ¥ T p oz
v_2=-fv-lap+;az; |
R Te on " p ‘52;.~' = (3)
where the s-axis is oriented downstream, the n-axis normal to the left of the
s-axis, and 17 components of the stress along those axes.l

Obtaining values for surface stress requires vertical integration of (2)
and (3) by means of methods_used by Charnock et al. [1] or by Palmén and
Riehl [5], and it will be shown later that this exceeds the capsbility of the
data used. The aim here however is to study the effect of stress on the air,
not stress itself. The boundary leyer is decelerated by a continual vertical
transport of momentum which'is—proportional to the derivative of stress,
therefore the non-inte £ rms,of equations (2) and (3) are used to de-
termine to what’ extent . h avior of the fluid in two dimensions implies
the characteristics of th’ pertinent forces in the third dimension, insofar
as their effect on momentum transport is concerned..

The primary purpose then, is to study the distribution of the term

/

= %ZL at anemometer level to determine (a) if there is a systematic variation

of this frictional effect with distance from the center, and (b) whether or
not this effect can be associated with some other, more easily measured,

parameters of surface circulation.

4

1Four other components of the stress vector which depend upon horizontal shear
have been omitted here because it is safe to assume that these terms are one
or two orders of magnitude smaller than the terms included. This may not be
valid at the wall of the. hurricane eye, but that region is not considered here.




It is clear that analysis of a V :
single horizontal plane can lead to /[ R WO B
conclusions concerning a three- 7 'Té/-/lfl' -
dimensional layer that are at best ’ i i ,l : é
only inferential. In order to get i f -
some further insight into the nature AT S o =
of the vertical variation of the P T '
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other research concerning the bound-
ary layer.
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2. FRICTION TERM ANALYSIS {

Surface data for Hazel 1954, Con- e
nie 1955, Diane 1955, and three non- A\
hurricane cases, March 25, 1947, March . 1 po—
27, 1950, and March 11 » 1952, were !
analyzed to permit ev&luatz.or; of e?cl)l HAZEL
of the terms in equations (2) and 3
with the excgption of the last terms Figure 1. - Track of three hurri-
on the right® which vere then obtained canes and area of analysis.
by suming all of the measured quanti-
ties (table 1).

To reduce the number of variables that could influence the vertical eddy
terms, all analysis was restricted to the same geographical area (the portion
of our southeastern coast shown in figure 1) and the situations were selected

- 80 that the range of wind speeds was ebout the same for all cases. With mod-

erately high winds and overcast skies in all cases, the lapse rate in the
lower layers was largely controlled by the mechanical turbulence and was
therefore quite similar in hurricane and non-hurricane cases. The variation
of momentum flux from situation to situation must therefore be produced large-
1y by the difference in vertical profiles of stress, because the surface
roughness is unchanged and the kinetiec energy contained in the turbulent
eddies approximately pProportional to v2 and inversely 'proporbiozfml to static
stability) must lie within a smail range. ‘ , o

The March cases were included so that straight flow could be compared to
the highly curved flow of hurricenes under the same conditions of roughness

2
For conveqience the term% bz will be referred to as the "friction term" and
will be written as the total vector IF and the components as F, and Fn and A

2 2 b
IlF" = ,/ Ft + Fn
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and stebility. Surface maps for about nine years were inspected and three
cases selected where the wind speed was in the proper range and the flow was
straight. In spite of this selection, it was found that curvature of the
trajectories was frequently significant, so it was necessary to compute the
curvature term for every case, both hurricane and non-hurricane.

, In the interest of obtaining the best possible estimate of each term of
the equations the following method of analysis was adopted:

l; Ail‘subStantial derivatives were expanded into their partial deriva-
tive equivalents which were evaluated from the analysis, thus avoiding the
assumption of steady state.

2. Cross-isobar angle of flow was measured by analyzing independently
isogons of the streamlines and isogons of the geostrophic wind and subtract-
ing those fields: - This avolded the questionable assumption of circular iso-
bars or the uncertain technique of measuring angles between two intersecting
curves.

3. The cyclostrophic term, V /R, was evaluated by computing the traject
ory curvature as follows:

l:i‘:-—&-pa“gznia&.{-ia‘
R ds Os dtds Js VOt
therefore, | | 5
’ R ,__Va'au au.
R 7 9" at

(where the negative sign is introduced because the meteorological convention
of measuring azimuth is-the negative of the mathematical one). This side-
steps the difficult task of measuring the curvature of a streamline which
changes from point to point and eliminates the error of assuming that stream-
line and trajectory are identical.

Incorporating the sbove into equations (2) and (3) gives:

Fy g: N, thblsin/s

Fn=-V2?L-V3—+fV+—le,cosﬂ
oV

where, w 3z is assumed zero;

o« = direction of the wind,
f = Coriolis parameter,
Vo = total horizontal gradient,
/3 = angle between isobars’and streamlines.

- u nn
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Figure 2. - (Upper) Profiles of total friction and its normal and tangential

components for three hurricanes.

(Lower) Wind speed.
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Figure 3. - (Upper) Profiles of total friction and its normal and tangential
components for three non-hurricane cases,

(Lower) Jind speed.
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For the hurricane analyses the variables were read at points spaced
30 n. mi. along radii moving with the storm and pointing in the direction of
storm motion (fig. 1) while the values for the non-hurricane cases were read
at a line of points that remained fixed in space but had the same general
orientation as the hurricane radii. The derivatives were approximated by fin-
ite difference quotients over space increments of 100 km. and time intervals

of one hour.

Seven to fourteen hourly observations from all stations reporting in the
area of interest were analyzed, the number of hourly maps depending upon the
time the hurricane remained in the area or the time during which the flow
pattern remained homogeneous. Consequently each term was obtained at each
space point at 7 to 14 individual times. Individual, time-averaged terms are
shown in table 1 and their sums are graphed in figs. 2 and 3.

The first question, in view of the experimental variation of each term,
is the redlity of the distributions shown. In order to examine the signifi-

cence of the variation of Ft and F with radius, standard techniques of

analysis of variance were applied to the Hazel profile. The result indicated
that variation of F “with radius was significant on the 5 percent level and
that the variation.of Ft with redius was insignificant. Since the dispersion
of all points that comprise the profiles was about the same, it 1s reasonable
to regerd change of friction with radius as significant where it has a varia-
tion of the order of the F -profile for Hazel and to regard it as statisti-
cally insignificant where it has & variation with radius as small as the Ft'
profile. On this basis all of the hurricane profiles show significant vari-
.ation with radius with the exception of F for Connle and F for Hazel.

A further statistical test was made to determine whether or not the dif-
ferences between normal and tangential components were significant. For this

purpose the difference of Ft and F at four points along the Hazel profile

wes: expressed in terms of standard deviation of those components. The results,
listed in table 2, indicate that the differences‘between components are sig-
nificant at radial distances up to absut 240 n. mi. for Hazel (where inciden-

tally the ratio of Ft to F had decreased 10 1.35). Sinee the dispersion of

all points for the profiles is about the same, it may be concluded that where
the difference between components is larger than at this point there is quite
likely a real difference between Ftand Fn.
Table 2. - Differences of mean components of friction for Hazel 1954 (in
terms of standard deviations of those means).
W
r (dis. from center) 60 n.mi. 120 n.mi. 180 n.mi. 240 n.mi.
Ft - Fn~ ,
- 6.0 k.0 3.4 2,2
X
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One feature of the analysis that a.0x10 .-
varies among the individual cases is i z:;:tifus y
the different motion of the coordinate . 195//
systems. Errors that might result 2§@

were minimized by avoiding the steady
state assumption, but it is-of inter-

V' (m/sec)

2.0 pb— & &
est to know whether or not the radial ) (f( e
profiles of friction changed in a o 0%, © A B
systematic way as the coordinate sys- 8 == %°°i_ ;_/{,,—””
tems were carriel northward. For this el
reason radial profiles of friction - | 2 | | |
were computed for ten individual hours - 2 B rcire s T o oe
for Diane from the time the center
crossed the coast until it had moved Tigure L. - Total friction as a func-
about 100 n. mi. For the first eight tion of speed squared.

of these ten hours the significant

features of the profile remained un-

changed; during the last two hours the

profile flattened somewhat. Five in-

dividual hourly profiles were also computed for March 1950 (a fixed coordi-
nate system) and again the space profiles remained nearly constant in time,
therefore the moving coordinate system apparently did not distort the com-

parisons discussed in the following sections.

Friction as a function of speed

In a large variety of investigations where the details of the boundary
layer are important, magnitude of the frictional effect is critical, As a
specific example, the angle of cross-isobar flow in a steady-state system is
proportional to the friction, for the downstream pressure gradient must be
just sufficient to overcome deceleration by friction. Thus the divergence
(and all the sequence of events that follow) produced by differential cross-
isobar transport is in turn a function of the frictional effect. While the
circulations studied here are not in steady state, time changes are small so
that the same general effect obtains.

To estimate the frictional terms of equations (2) and (3) where no di-
rect data exists, meteorologists have applied to equation (1) the assumption
that the vertical shear vector is oriented in the direction of, and is pro-
portional to the wind itself; that is,

Y e
e k'v
where k' is the proportionality factor.
For a small height range where density, drag coefficient, and wind di-

rection are constant with height, the frictional terms which appear in com-
penent form as the last terms of (2) and (3) can be written:

)
Fl-25(Ev®)-dvg s

and, introducing the assumption mentioned above,
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7,

2
1 . fe] =xv (6)
T where k = k'ci , a constant.
o The results of this analysis can
ol be examined to determine just what pro-
. . o rortionality constant k applies to
T “o equation (6). Figure 4 is a plot olel

Qv 4ol ...

a * versus V. It is apparent that while
—r ¥ these quantities in each hurricane are
- ey roughly proportional, the "constant k"
o " is different for each storm. No such

relation is valid for the non-hurricane
cases, however,

)
=T The point here appears to be, not
o7 what proportionality constant to use,
! I I ! I ! but rather that in general, no such re-
i v % T i a lationship applies. This is really not
. 2t 4 -2, surprising when one considers the basis
Figure 5. - Acceleration (cm.sec.” ") po. equation (6). The importance of

as function of cross-isobar flo¥ he pormel component of friction (fig.?)

in degrees. suggests that the shear vector must be
oriented different from the anemometer
wind direction, contrary to the assump-
tion involved in equation (6).

On the other hand, it is reasonable to expect a large component of the
wind throughout the lowest few hundred meters to be directed along the s-axis
(direction of anemometer level wind), therefore if the shear of stress is in
fact proportional to the shear of wind, the tangential component of friction
should be roughly proportional to the square of the surface wind. A plot of

Ft versus V2 however, failed to reveal a unique proportionality constant and
for Hazel the points fell along a curve with both positive and negative slope.
In light of the foregoing, it is necessary to conclude that frictional

drag on the boundary layer over surfaces of the same roughness is not a unigue
function of wind speed.

Frietion in relation to cross-isobar flow

Despite the conclusion just stated, some relation between surface wind
and vertical shear of stress is revealed for the hurricane cases, albelt a re-
lation that differs from case to case. Consequently one is prompted to exam-
ine the other variables of this analysis for a clue as to why this should be
S0,

Since the pressure gradient terms are the dominant factors in determin-
ing the magnitudes of the respective components of friction (see table 1) the
angle of cross-isobar flow is critical because it reflects what part of the
total pressure gradient is directed along, and normal to, the fluid motion.
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Physical reasoning suggests that the larger deflection angles might be asso-
clated with larger downstream pressure force and thereby with accelerated
motion, which in turn might have. a vertical profile of speed quite different
from the nonaccelerated cases. Examination of the data revealed almost a
complete lack of correlation between acceleration and pressure force; only
two points for one storm had large accelerations associated with large down-~
stream pressure. On the other hand a definite relation between acceleration
and deflection angle does appear and is illustrated in figure 5, suggesting
that the increment of momentum injected into the anemometer level flow to
produce acceleration has a large cross-wind component. If real, this is an
interesting feature for it implies that events in the upper layers control
the acceleration and convergence of the surface layer, rather than the cross-
isobar flow representing a simple reaction between surface roughness and
pressure gradient. Further support to this is offered by figure 6 that shows
how the cross-isobar flow is different from storm to storm, as well as the
pressure gradient which shows no systematic relation to the angle.

Figure 7, which is shown to illustrate the relation between cross-isobar
flow and the partition of total friction into its components, includes the
values of total friction at each point. Again, if the deflection angle were
simply due to the fact that increased surface drag decelerated the air thus

enabling the pressure gradient to deflect the flow across the isobars, the
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largest angles would be associated with the largest values of friction, but
the largest values of friction are well distributed from the smallest to the
largest angles.

A possible interpretation of the features just described, along with the
fact that the accelerations are all quite small, is the following; quasi-
nonaccelerated motion- is maintained by dynamics of the boundary layer which
constantly adjust the cross-isobar angle to compensate for changes of momen-
tum flux from above., That is, when changes in the flow above the boundary
layer bring about a decrease of stress which in turn increases the momentum
flux through the anemometer level, the deflection angle decreases, so there
is a decrease in downstream pressure gradient, thereby maintgining small val-
ues of speed acceleration, and if the momentum flux from above decreases, the
cross-isobar angle increases.

This is supported by the profiles of friction computed for e strip about
20-lm. wide along the coast for each of the hurricanes (not shown). Although
the cross-isobar angles and the components of friction were quite different
from the corresponding inland "terms shown here, the total friction profiles
were practically the same as those of figure 2. :

Friction and curvature of the flow

Magnitude of total friction in hurricanes was about double that of the
non-hurricane cases. The former showed total friction up to 0.4 cm. seec.”
while the nOn-hurricanégcaSeg gave something less than half - up to 0.17 cm.
sec.”%, fThe relative importance of the normal component of friction, espe-
cially in hurricanes, raises the question as to what feature of hurricane
flow is so different. An obvious difference is curvature of flow, and if
this is somehow connected with larger values of friction one would expect it
to be manifest through the curvature term (V2/R) in equation (3); the three
spring cases provided a means of comparing flow of different curvature. The
curvature terms for hurricanes had a large range which both exceeded and
overlapped the range of values for non~hurricane flow. :

Since the cyclogtrophic term (V2/R) appears in the equation for the nor-
mal  component, but not for the tangential component of friction, it would
seem redsonable that it might exercise an important control on . the magnitude
of F,. A plot of F, versus V2/R revealed no such relation however. A slight

relation between total friction [F and V2/R did sppear but the correlation
was insignificantly low. Due to the fact that the acceleration terms are
interrelated there is the possibility that linear correlations between pairs
are obscurred by variations in a third term. In order to exaxine that possi-
bility, values of cross-isobar flow, radius of trajectory. curvature, and
speed were successively plotted in the graphs just discussed. If multiple
correlation exists, among three of these variasbles it would have been shown by
the pattern of isolines drawn for various parameters, but none could be dis-
cerned. Therefore insofar as these data are concerned, no correlations could
be detected. ‘

The implication of this examination is that the centrifugal ter@ is of
minor importance in the range of values studied here., It should be noticed

>
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however that maximum winds were only 20 m.p.S.. an8 the minimum radius of
curvature 200 km., even at distances 100 km. from the storm center, so the
highly curved flow near the maximum wind zone of hurricanes has not been
studied.

3, DEPTH OF THE INFLOW LAYER

Some clue concerning the depth of the inflow layer and its variation
with distance from the storm center might be obtained from surface data alone
if the following simplified model resembles nature, and this in turn is of
interest because of its connection with friction and cross-isobar flow in the
boundary layer.

The simplified model is based on the postulate that the inflow layer is
characterized by divergent flow throughout its depth but at the top of the
layer, where the influence of surface stress is small, the flow is non-
divergent. The total precipitation in such a circulation would be directly
related to the net water vapor flux intc the area produced by the convergence
in the boundary layer, for it is generally accepted that the flux of water
vapor away from a hurricane at upper levels is small compared to the flux in-
ward at low levels. It has also been shown that the change over a period of
an hour in the water storage in a column of atmosphere that is largely cloud-
filled, is small compared to the total precipitation thet occurs during that
hour with moderate rainfall.

Under these conditions:

h
I-3 I I v toaw) asen (7
A o

mass of precipitation per unit time per unit ares,
density of air,

specific humidity,

horizontal wind,

area for which divergence is measured,

height of lowest level of non-divergence,

Integration of equation (7) requires a knowledge of the divergence of
(p q_vj throughout the layer. Examination of soundings indicates that for
our purposes, pq can be represented by a constant for the lowest 1.5 lon. and
by a different constant if approximately 3.0 to 3.5 km. is involved. (This
simplification is not valid for greater heights). As a first approximation
then, the integration may be performed if the profile of velocity divergence
can be estimated.

It is guite certain that the convergence in the boundary layer decreases
with height in 2 complicated fashion, depending upon mechanical turbulence,
the degree of penetrative convection, and how the wind speed changes with
height. Suppose the actual divergence profile were the one illustrated
schematically in figure 8; the flux of water vapor into the area would be
proportional to the area under the curve, up to the first level of non-
divergence. lNow the same flux of water vapor would be obtained if the pro-
file were linear, with the same value as the actual profile at anemometer
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h: actual level of non-divergence
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H: "virtual" level of non-divergence
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Figure 8. - Hypothetical profile of divergence and levels of nondivergencze,

level and a level of non-divergence at some virtuel height, H. It is clear
that the virtual height II would be quite different from the actual height h,
but it also appears likely that any important variation of h with distance
from the storm center would be reflected in changes of the virtual height as
well.,

Using this simplification, equation (7) may be integrated and written in
terms of averages for the column under consideration:

1-VV T

This equation will yield a slight overestimate of the rainfall intensity
because the flux away from the area A at upper levels is ignored. INow let D .
designate the mean divergence in the inflow layer and DO its value at anemo-

meter level, and let Q = §~ (oq),which iz a constant once H is approximated,

8z
then,

Solving for H,




Method of analysis

Isohyetal maps for each hour were drewn for Hazel 1954 and Diane 1955
and the total rainfall for each of the hours for various small areas was com-
puted by graphical integration., Similar analysis was not performed for Con-
nie 1955 because the storm path was not through a network of rain gages ade-
quate to obtain hourly precipitation analysis. To make the best possible
estimate of rainfall rates, each station report was corrected where necessary
The corrections, an a*tempt to take into account the increasing loss of catch
in high winds, were made by applying either of two correction curves construc-
ted from what information is available in the literature [4]; one curve for
heavy rain (which presumably occurred under convective conditions with large
drops) and another for moderate and light rainfall. At many stations the
corrections amounted to less than .0l inch during the hour, and no correction
was applied, but at a few they amounted to adjustuments as great as 0.10 inch.
Some of the stations have storage gages but by using the technique of cumula-
tive mass rainfall curves at sitations vhere hourly amounts were reported, the
cumulative €-hourly reports could be divided quite satisfactorily into hourly
amounts.

Divergence was computed by reading velocities on a grid with 30- -km,
spacing, from maps which had been analyzed for the middle of each rainfall
accumulation period. Subsequently, overlapping computations of divergence
were space-averaged for the same erea for which rainfall had been integrated,
and other sppropriate values were read from surface analysis for use in
equation (8).

In general tbe computations involved the forward and left quadrants of
the storms and analysis was restricted to areas well removed from the foot-
hills and mountains of the central Carolines and Virginia. HNear the hurricane
center the gradient of divergence was so large compared to the grid spacing
that no dependable computations could be made.

Results of precipitation arnalysis

Figure 9 shows the virtual heights H versus distance from the center
ahead of the storms. Fach of the values represents time averages and the
arrows indicate the magnitude of plus and minus one standard error of the

computed means (i.e., S E_ = < 8 L

H J:\—I—

In view of the simplifying assumptions and the experimental errcr involv-
ed, the results are of course rather crude, but the inflow layer does appear
to have a consistent change of depth with radius; the inflow layer (ahead of
the storm) decreases toward the hurricane center. Since this analysis does
not consider the zone of meximut wind and meximun convective activity, this
apparent decrease is not impossible and may well reflect a real characteristic
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Figure 9. - Virtual height of inflow layer as function of radial distance
from center. (Arrows indicate I one standard error of mean.)

(e.g., see [2]). The important result of this moisture flux aralysis from
the staundpoint of friction, however, is due to the places where the 51np11-
fled model fails rather than vhere it ""succeeds, "

In hurricanes where the convective activity is large, the so-called
friction layer must extend to very great elevations and the inflow must also
occur to some degree at great heights. DNow it must be borne in minrnd that the
"virtual height" computation depends upon the assumption of a linear profile
of divergence and it is possible that the "decreasing height" could be
brought about by a change in the shape of the profile even though the real
height of the nondivergent level was unchanged, or even increased - it is
only necessary that the area under the curve decrease with the other parame-
ters remaining constant. Indeed there is evidence that such a change does
occur when the nature of the underlying suwrface is changed, and it is this
result that provides additional insight into the boundary laver characteris-
tics,.

Figure 10 shows the virtual height and anemometer level convergence as
a function of time in a sector of Diane 30 to 60 n. mi. from the center in
the forward quadrant during the period in which this sector crossed the coast
and moved inland. The virtual height decreased by a factor of two from 0530
to 1230 EST while the convergence showed a variation of only 10 percent.
Since the specific humidity of the air involved was essentlally constant
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Figure 10. - Virtual height of inflow layer in Diane 1955 and surface diver-
gence as function of time.

we must either accept as a fact that the inflow layer decreased by this large
amount or conclude that the profile of convergence changed shape. The most
probaeble explanation is the latter because on the basis of our general know-
ledge of hurricane structure 1t is quite unreasonable to believe that the in-
flow occured in a2 layer less than 1 km. thick this far outside the zone of
maximm vertical motion.

A second piece of evidence indicates a variable relation between virtual
height and profile of frictional inflow. It would seem that equations (2) and
(3) might be integrated vertically from the surface to the top of the fric-
tional inflow layer to provide values of surface stress by the method used by
Palmén and Riehl [5]. Their technique requires that verticel averages of the
various terms be used and, for lack of any indication to the contrary, it
would be necessary here to assume for the various terms the same relation be-
tween anemometer level and average value at all radial distances from the
storm center. The fact that this ylelded completely unreasonable results in-
dicates that quite likely stress does not vanish at the virtual height of the
inflow layer and therefore the "virtual top" of the inflow layer is not the
top of the friction layer.
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If the characteristic just discussed is real it provides additional in-
sight into the boundary layer for it implies that the divergence profile
changes in such a fashion as to compensate for any change in surface (aneno-
meter level) divergence. That is, an increase of surface convergence must be
assoclated with either a large time-decrease of winds in the upper part of the
boundary layer or with a more rapid turning (toward gradient direction) above
the anemometer level, or a combination of both. Again our general knowledge
of hurricanes indicates that change of direction is reasonably the predominant
change, and it has already been shown that directional shear is important in
producing the normel component of friection.

Friction in relation to rainfall

Any mechanism which provides vertical mixing of the atmosphere will di-
rectly affect the momentum flux and since heavy rain in hurricanes is largely
associated with vigorous convection, one might expect the friction term to be
correlated with rate of rainfell,

The data available for this study are not well-suited for examining such
a tendency, however, due to the different time scales involved. That is, the
fields of motion and pressure are analyzed to represent 5- to 10-minute time-
means, measured at l-hour intervals but the precipitation rate is a crude
estimate derived from an hour's accumulation of convection rain which is pro-
bably quite "spotty” in time. Therefore the probability is low that the dy-
namical terms and the rainfall rate represent simultaneous samples,

some such relation however may exist in the Diane data which are illus-
trated in figure 11. This figure shows the total Friction term at various
radial distances from the center at 30 minutes past each of ten hours, along
with the precipitation accumulated during the hour. Ijotice that at distances
of 1.0, 1.5, and 2.0 degrees of latitude from the center, where the rainfall
amounts are largest, there is a slight tendency for the friction and precipi-
tation to change in the same sense, but due to the reasons mentioned above,
this line of inquiry was not pursued,

L, SUMMARY

The work reported here should be viewed as an experiment in the appli~
cation of surface analysis and case-study technique as well as a study of
friction in hurricanes, Certain results concerning the former are definitive
but conclusions relating to friction are largely inferential and therefore
leave something to be desired. TFurthermore, the portion of the hurricane
flow investigated was completely over land, the pressure profiles had already
been modified, and the wind speeds were less than hurricane force. Therefore
the results cannot be taken as general hurricare characteristics, rather they
should be interpreted as applying to this particular phase of the hurricane
life eycle. The results are important in that they indicate the nature of
the problem and point up differences that must exist between hurricane and
non-hurricane flow, although an important question left open is why the non-
hurricane flow exhibits quite different characteristics. While it is true
that the hurricane flow is in general more curved than that of the non-hurri-
cane cases, it has been shown that the difference in friction is only in small
part associated with curvature,
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Figure 11. - Hourly precipitation and total friction as function of time for
Diane 1955.

One result is a warning to hurricane workers not to make a wide and gen-
eral application of boundary layer characteristics deduced from non-hurricane
experiments.

A primary and firm result is the demonstration that friction to which
the flow is subject increases toward the storm center, but that it is not a
unique function of wind speed or of surface roughness. Secondly, the com-
ponent of frictlon normal to the wind direction is significantly large and
may exceed the tangential component at anemometer level over land. This how-
ever, cannot be generalized to over-water flow of hurricanes.

Fqually certain is the fact that the vertical profile of stress varies
with distance from the center, but it is not known whether this is brought
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about by a systematic variation of the vertical wind shear or by a change in
the coefficient of eddy viscosity, or both. The fact that this analysis rep-
resents only a single level within the boundary layer does not preclude the
effect of variable eddy viscosilty in a deep layer. One might think of the
portion of atmosphere immediately above the anemometer level as supplying
momentuwn from above and the earth's surface as the sink for part of that mo-
mentum, If the supply from above diminishes becsuse of smaller eddy trans-
port, 1t must be reflected in the layer of air that is being decelerated by

surface drag.

There is a suggestion that the dynamics of the boundary layer include s
stabilizing feed-back mechanism that tends to limit the acceleration that can
be realized from the pressure gredient, or the deceleration that can be pro-
duced by surface drag. That is, when any variation in the vertical stress
profile increases the deceleration of the boundary layer the wind turns so as
to Increase its down-gradient flow to compensate that loss, and vice versa.
The result of this compensation mechanism is to broduce a variable partition
of total friction into its normal and tangential components. At the same
time increase of the cross-isobar flow at anemometer level apparently is com-
pensated for by adjustments at higher levels so that the total mass conver-
gence is not directly related to the radial flux of air at the surface.
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